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ABSTRACT
The activities of the Electroweak Physics Working Group are summarized. Three
main issues are addressed: 1) prospects for measuring the W mass at the Tevatron
using the inclusive electron energy spectrum, 2) constraining the strange quark
distribution function in W + charm production, and 3) possibilities to determine
the three vector boson couplings at the Tevatron and SSC.
1. Introduction
The study of electroweak processes is one of the main tasks of experiments
at current and future accelerators. In order to test the Standard Model (SM) of
electroweak interactions its parameters have to measured as precisely as possible
and compared to the SM prediction. Instead of attempting a global analysis of
the capabilities of present and future collider experiments, the electroweak working
group has focused on the W boson mass and the three vector boson couplings as
important parameters to be measured. In addition, the working group has also
investigated the prospects of constraining the strange quark distribution function
in W plus charm quark production at the Tevatron. The studies reported here are
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by no means complete. In most cases there is substantial room for improvement
left.
The mass of the Z boson is presently known with a precision of about 7 MeV
from experiments at LEP [1]. On the other hand, the uncertainty on the W mass
from the combined UA2 and CDF data [2] is approximately 270 MeV. Both, UA2
and CDF, used the transverse mass mT (ℓ, ν), ℓ = e, µ of the charged lepton neutrino
system in W → ℓν decays in the past to determine mW , a procedure which explicitly
depends on measuring the missing transverse momentum, p/T , in the event. A
significant fraction of the overall uncertainty in the W mass, mW , originates from
systematic uncertainties associated with the p/T measurement. A quantity which is
sensitive to mW but avoids the experimental complications of the p/T measurement is
the lepton energy spectrum. The prospects of using the electron energy distribution
as an alternative to the transverse mass for a high precision measurement ofmW were
thoroughly investigated [3]. The results of this analysis are described in Section 2.
With the integrated luminosity accumulated during the 1992 – 94 Tevatron
collider runs, CDF and DØ expect several thousand W +1 jet events each. For such
a large W + 1 jet sample it may become possible to search for associated W plus
charm quark production. To lowest order Wc production proceeds via the fusion of
a gluon and a s or s¯-quark. A measurement of the W plus charm production cross
section may thus help in resolving the controversy [4] between the MRS [5] and
CTEQ [6] parametrization of the strange quark distribution function. The results
of the W+ charm analysis are reported in Section 3 [7].
Within the SM, at tree level, the vector boson self-interactions are completely
fixed by the SU(2)×U(1) gauge theory structure of the model. Measuring the WWγ,
ZZγ, Zγγ andWWZ couplings therefore is a crucial test of the SM. At the Tevatron,
this can be accomplished studying W±γ and Zγ production. Since the number of
events expected in run 1a+1b is quite limited, it is important to optimize the
statistical procedure used to extract information on the three vector boson vertices.
Based on the maximum likelihood technique, a new fitting procedure has been
developed [8], which considerably improves upon the simple χ2 test used in most
theoretical simulations [9, 10]. The new technique is summarized in Section 4.1.
A pronounced feature of Wγ production in hadronic collisions is the so-called
radiation zero which appears in the parton level subprocesses which contribute to
lowest order in the SM of electroweak interactions [11]. In practice, however, this
zero is difficult to observe. The quantity which represents the radiation zero best
and, at the same time, is easily measured experimentally is the distribution of the
photon – lepton rapidity difference. This quantity was studied extensively in the
context of the Workshop [12] (see Section 4.2).
At the Tevatron, the WWV , V = γ, Z and ZZγ (Zγγ) couplings cannot be
measured very precisely, due to the limited statistics of di-boson events. High preci-
sion tests have to await the SSC or LHC [9, 10]. In order to probe the interactions in
the bosonic sector of the SM as accurately as possible, all the important background
processes need to be controlled. Furthermore, one would like to have available a
large number of basic processes and correspondingly a large number of observables.
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A potentially dangerous background to W±γ production at hadron supercolliders
is tt¯γ production. The working group found that the pp → tt¯γ +X cross section is
much larger than the lowest order Wγ rate; however, imposing a jet veto require-
ment this background can be eliminated rather easily [13] (see Section 4.3). Besides
the classic di-boson production processes qq¯′ → Wγ, WZ, single W production via
the electroweak process qq → qqW was studied as a complementary source of in-
formation on the three vector boson couplings [14]. A description of the results
obtained for the qq → qqW signal and the most important background processes
can be found in Section 4.4.
2. Measuring the W Boson Mass using the Inclusive Electron Energy
Spectrum
The SM has been extraordinarily successful in describing weak and electro-
magnetic phenomena over the full reach of experimental observation. The model
is completely determined by three parameters: the fine structure constant, α, the
Fermi constant, GF , and the Z boson mass, mZ . All three are known with high
precision. With the model so fixed, all other parameters, in particular the W boson
mass, mW , are determined. It is now the task of experiment to carry out precision
measurements of mW to confront the SM prediction.
At hadron colliders, the major problem of the W mass measurement is the
neutrino originating from the W → ℓν decay which escapes undetected. Thus there
is no direct way to reconstruct mW . A standard way to overcome this problem is to
use the transverse mass distribution which sharply peaks at mW . A limiting factor
in the determination of mW from the transverse mass distribution is the systematic
uncertainty associated with the determination of the missing transverse momentum,
p/T . Uncertainties originating from the p/T measurement typically are at least twice
as large those from the measurement of the electromagnetic energy.
As an alternative to the transverse mass spectrum, one can try to utilize
the lepton energy distribution, which sharply peaks at mW/2 (see Fig. 1 of Ref. 3),
and which requires information on the lepton four-momentum only. Two different
strategies of extracting mW from the lepton energy distribution were studied. For
definiteness, only the decayW → eν was considered. In the first approach the energy
spectrum is fitted to an analytical function of the form
Ne(E) =
N0
Γ + (E −mW /2)2 (1)
where N0, Γ and mW are free parameters of the fit which correspond to the number
of events, the width and the position of the peak.
In the second approach, a direct comparison of the Monte Carlo electron
energy spectrum with the data is carried out, using a Kolmogorov test to compare
the two distributions. To estimate the statistical and systematic uncertainties of this
method, 105 ISAJET pp¯→W → eν events were generated, imposing a Eet > 25 GeV,
a E/t > 25 GeV, and a |ηe| < 1.1 cut. To simulate detector response the electron
momentum four vector was smeared with a Gaussian distribution with standard
3
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Figure 1: The statistical uncertainty versus number of events, Nev, in the test
sample. The solid line shows the result of fitting the uncertainty with the function
P/
√
Nev.
deviation σ = 0.15 GeV1/2
√
E. The MC event sample was split into a “basic” sample
of 70,000 events, and a “test” sample which varied from 1,000 to 30,000 events.
The statistical uncertainty as a function of the number of events in the test sample
is shown in Fig. 1. The solid line corresponds to a fit of the uncertainty of the
form P/
√
Nev where P is a free fit parameter. For 40,000 W events, which roughly
corresponds to the number of W → eν events anticipated at the Tevatron for an
integrated luminosity of 100 pb−1, the expected statistical uncertainty is about
125 MeV, and thus about twice as large as the uncertainty from the conventional
method employing the transverse mass distribution.
The systematic uncertainties originating from the transverse motion of the
W , and from varying the cuts imposed on E/t, E
e
t , and ηe were found to be in
the 50 – 100 MeV range each. The expected combined systematic uncertainty is
approximately 150 MeV, and thus significantly smaller than that of the conventional
method utilizing the transverse mass distribution.
3. The Charm Content of W + 1 Jet Events and the Strange Quark
Distribution Function
Approximately 15% of the inclusive number of W bosons produced at the
Tevatron are accompanied by a hadronic jet with a transverse energy Ejett > 15 GeV
[15]. From run 1a and 1b combined one therefore expects more than 6,000 W +1 jet
events with W → eν. The large number of W events accompanied by a high pT
jet will make it possible to specifically search for heavy quarks in such events. In
particular events for which the jet contains a charm quark could be useful, as they
may allow to constrain the strange quark distribution function.
Recent fits of parton distribution functions by the MRS [5] and CTEQ col-
laborations [6] have resulted in rather different s-quark distribution functions. The
ratio of the strange quark distribution functions of the CTEQ1M and the MRSD0
sets versus xs is shown in Fig. 2a. At small Q2 and xs < 0.1, the two parametrizations
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Figure 2: a) Ratio of the strange quark distribution functions as a function of xs for
the CTEQ1M and MRSD0 parton distribution sets and two different values of Q2.
b) The differential cross section dσ/dxs for the process sg → Wc at the Tevatron,
using the CTEQ1M set.
differ approximately by a factor of two.
If the charm content of W + 1 jet events can be determined, an independent
measurement of the strange quark distribution function can be carried out. Asso-
ciated W+ charm production proceeds, at lowest order, through sg and s¯g fusion,
sg → W−c and s¯g → W+c¯. The alternative process where the s-quark in the reac-
tion is replaced by a d-quark, is suppressed by the quark mixing matrix element
Vcd. This suppression is somewhat compensated by the larger d quark distribution
function, such that the dg → Wc cross section is about 10% of the sg → Wc rate.
The potentially largest background originates from the production of a cc¯ pair in
the jet recoiling against the W . When only the c or the c¯ is identified in the jet,
such a W + cc¯ event looks like a signal event. Similarly, a bb¯ pair can be produced
in the jet, and the b or the b¯-quark misidentified as a charm quark.
To numerically simulate the signal and background processes the Monte–
Carlo program PYTHIA [16] (version 5.6) was used. All processes were studied at
the parton level, i.e. final state showers are included but fragmentation is not. In
the simulations carried out, a “jet” is defined as follows. The direction of the sum
of the momenta of all the partons produced in the shower is taken as the center
of a cone of radius ∆Rjet =
√
∆η2 +∆φ2 = 0.7, where η is the pseudorapidity and
φ the azimuthal angle. All the partons inside that cone are considered part of the
jet. Only events with a charm quark inside the jet cone are counted. Background
events with two charm quarks inside the jet cone are counted twice.
The W± is assumed to decay into a e±ν final state. To simulate the accep-
tance of a real detector, the following transverse momentum and pseudorapidity
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Table 1: Cross sections for associated W plus charm quark production with W → eν at
the Tevatron, using the MRSD0 and CTEQ1M parametrizations of the parton distribution
functions. The cuts imposed are summarized in Eq. 2.
Cross section (pb)
Wc W + 1 jet background Inclusive
Signal g → cc¯+X g → bb¯+X q → qcc¯+X W+ 1 jet
MRSD0 3.68 2.76 0.75 0.15 87.0
CTEQ1M 4.58 2.80 0.77 0.15 85.6
cuts on the final state particles are imposed:
pT (e) ≥ 20 GeV, |η(e)| ≤ 1,
p/T ≥ 20 GeV, (2)
pT (j) ≥ 10 GeV, |η(j)| ≤ 1.
Figure 2b shows the differential cross section of the process sg →Wc for pp¯ collisions
at
√
s = 1.8 TeV as a function of the momentum fraction of the strange quark,
xs, using the CTEQ1M parametrization. W plus charm quark production at the
Tevatron thus is sensitive to the strange quark distribution mostly in the xs region
between 0.04 and 0.1, in which the CTEQ and MRS parametrizations are indeed
substantially different (see Fig. 2a).
The cross sections for the signal, the various background processes, and in-
clusive W + 1 jet production at the Tevatron are given in Table 1. Approximately
75% (20%) of the background originates from a cc¯ (bb¯) pair produced in a jet ini-
tiated by a gluon, if all b and b¯-quarks are assumed to be misidentified as charm
quarks. The remaining 5% is due to the production of a cc¯ pair in a quark–initiated
jet. The combined background cross section is about equal to the signal rate. The
signal accounts for approximately 4–5% of all W +1 jet events, and the background
for about 4%. As can be seen from Table 1, the two sets of parton distribution
functions yield the same values for the inclusive W + 1 jet cross section and the
three background processes to within 2%. The signal rate, on the other hand, is
quite sensitive to which set is chosen, as expected.
Assuming both electron and muon decay channel of the W± boson, an in-
tegrated luminosity of 10 pb−1 yields about 1700 W + 1 jet events for the cuts
described in Eq. 2. This corresponds to approximately 75 – 90 W plus charm
quark signal events, and to about the same number of potential background events.
From these numbers it is straightforward to estimate the minimum charm tagging
efficiency, ǫminc , required to be statistically sensitive to the variation of the Wc pro-
duction cross section with the strange quark distribution function. Depending on
how efficiently the various background processes can be suppressed, an efficiency of
ǫminc ≈ 20− 30% is needed for an integrated luminosity of 10 pb−1.
The two collider experiments, CDF and DØ, at the Tevatron explore three
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different strategies to identify charm quarks:
1. Search for a displaced secondary vertex in the silicon vertex detector (SVX).
2. Reconstruction of exclusive nonleptonic charmed baryon or meson decays.
3. Looking for inclusive semileptonic charm decays.
Combined, the three methods may yield an overall charm detection efficiency
of about 10%. Based on this assumption, an integrated luminosity of O(30 pb−1)
should provide the first statistically significant information on the strange quark
distribution of the proton. A more precise estimate of the minimum integrated
luminosity required depends on a better understanding of the charm quark detec-
tion efficiency, and on more detailed background studies. In principle, the three
background processes considered here can be reduced by:
• Charge reconstruction: for the signal, the W and c-quark electric charges are
correlated. For the cc¯ background, the charm quark has the wrong charge
50% of the time. Therefore, if the charges of the W and of the charm quark
can be determined, the Wcc¯ background can be reduced by a factor of two.
Furthermore, events with the wrong charge correlation provide a measurement
of the background, that could subsequently be subtracted.
• Cut on the charm transverse momentum: since more than one charm quark
is present in the background processes its average pT is smaller than in the
signal.
• Flavor identification: if the bottom quark is identified, the bb¯ background can
be subtracted.
Clearly, more experimental and theoretical work is needed to improve the
signal to background ratio.
4. Probing the Vector Boson Self-interactions in Hadron Collider Ex-
periments
4.1 Extracting Three Vector Boson Couplings from the Photon Transverse Momen-
tum Distribution
The increased integrated luminosity accumulated in the 1992 – 94 Tevatron
collider runs will not only make it possible to improve the precision of existing
measurements, but also to probe previously untested sectors of the SM, such as the
self-interactions of vector bosons. This is most easily done studying Wγ and Zγ
production.
The most general WWγ vertex function for qq¯′ → Wγ which is compatible
with electromagnetic gauge invariance and Lorentz invariance, and which is CP
conserving, can be parameterized in terms of two couplings κγ and λγ [9]. Simi-
larly, under the same conditions, the ZZγ and Zγγ vertex can be described by two
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couplings, hV3 and h
V
4 , V = γ, Z. In the SM, at tree level, κ
γ = 1, λγ = 0, and
hV3 = h
V
4 = 0. In order to avoid violations of S-matrix unitarity, the anomalous
three vector boson couplings have to be introduced as momentum dependent form
factors. Frequently, generalized dipole form factors of the form
a(sˆ) =
a0
(1 + sˆ/Λ2)n
, (3)
with a = κγ − 1, . . . , hV4 are used. Λ in Eq. (3) represents the scale at which new
physics becomes important in the weak boson sector, sˆ is the energy squared in the
parton center of mass frame, and a0 are the form factors at low energy. In order to
guarantee unitarity, n must satisfy n > 1/2 for ∆κγ = κγ − 1, n > 1 for λγ, n > 3/2
for hV3 , and n > 5/2 for h
V
4 .
Non-standard WWγ and ZZγ (Zγγ) couplings lead to a broad increase in the
photon transverse momentum distribution at large values of the photon pT [9, 10].
Information on the anomalous three vector boson couplings thus can be derived by
fitting the observed pT (γ) distribution with general WWγ and ZZγ (Zγγ) couplings.
The main background for pp¯ → Wγ, Zγ is W + jets and Z + jets production
with one of the jets faking a high pT photon due to fragmentation of the jet into a
high energy π0 or η, which decays into two almost collinear photons which are not
resolved in the detector. This background rapidly drops with the γ/jet transverse
momentum. The probability Pγ/j for the jet faking a photon has been measured by
CDF and DØ separately. Both collaborations find Pγ/j ≈ 10−3 for pT (γ) > 10 GeV.
Electrons misidentified as photons due to tracking inefficiencies may also constitute
a non-negligible background for DØ.
In most theoretical simulations [9, 10], a rather primitive procedure for fitting
the photon pT spectrum was used. In this procedure the distribution is split into
a number of bins of equal bin width plus one additional bin which contains all
events above a certain pT threshold. This threshold is chosen such that each bin
contains typically more than 5 events. In each bin, the Poisson statistics is then
approximated by a Gaussian distribution, and a minimum χ2 test is performed.
A substantial improvement of this method can be achieved, especially for
low statistics, by two simple modifications:
1. Replace the Gaussian distribution and the χ2 test by Poisson statistics and a
maximum likelihood fit. In contrast to the χ2 method, the maximum likelihood
technique yields unbiased estimates of the fitted parameters.
2. An extra bin, in which one would not expect any SM events at the 95% con-
fidence level (CL) is added. This modification fully exploits the enhancement
of the differential cross section at large pT (γ) values for anomalous couplings.
The results of applying the improved fitting procedure to the data sets expected
for DØ are summarized in Table 2. They are up to a factor 2 better than those
derived using the χ2 test. The limits for ∆κγ0 (h
Z
3)) apply for arbitrary values of λ
γ
0
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Table 2: Expected limits from DØ for the CP conserving WWγ and ZZγ couplings. The
limits for the ZZγ couplings are derived using n = 3 (n = 4) for hZ3 (h
Z
4 ) and a from factor
scale of Λ = 750 GeV. The bounds on the WWγ couplings ∆κγ and λγ are insensitive to
the form factor details. Both, the electron and muon decay channels for theW and Z boson
are used.
Coup- run 1a limits run 1a+1b limits
ling 68% CL 95% CL 68% CL 95% CL
|∆κγ0 | 1.10 2.50 0.60 1.15
|λγ0 | 0.30 0.75 0.15 0.31
|hZ30| 0.62 1.27 0.38 0.72
|hZ40| 0.10 0.21 0.06 0.11
(hZ40) and vice versa. Bounds on h
γ
30 (h
γ
40) are approximately 10% weaker than those
for hZ30 (h
Z
40).
4.2 Rapidity Correlations in Wγ Production
A pronounced feature of Wγ production in hadronic collisions is the so-called
radiation zero which appears in the parton level subprocesses which contribute to
lowest order in the SM of electroweak interactions [11]. For ud¯→W+γ (du¯→ W−γ)
all contributing helicity amplitudes vanish for cosΘ∗ = −1/3 (+1/3), where Θ∗ is
the angle between the quark and the photon in the parton center of mass frame.
In practice, however, this zero is difficult to observe. Structure function effects
transform the zero into a dip. Higher order QCD corrections [10, 17] and finite W
width effects, together with photon radiation from the final state lepton line, tend
to fill in the dip. Finally, the twofold ambiguity in the reconstructed parton center
of mass frame which originates from the two possible solutions for the longitudinal
momentum of the neutrino [18], pL(ν), represents an additional complication in the
extraction of the cosΘ∗ or the corresponding rapidity distribution, dσ/dy∗(γ), which
further dilutes the effect.
Photon lepton rapidity correlations provide an alternative tool to search for
the radiation zero predicted by the SM for Wγ production in hadronic collisions.
For the remainder of this subsection we shall focus entirely on the W+γ channel.
Results for W−γ production can be obtained by simply exchanging the sign of the
rapidities involved. The SM radiation zero leads to a pronounced dip in the photon
rapidity distribution in the center of mass frame, dσ/dy∗(γ), at
y∗(γ) = y0 = −1
2
log 2 ≈ −0.35. (4)
For ud¯→W+γ the photon and the W are back to back in the center of mass frame.
The corresponding rapidity distribution of the W in the parton center of mass
frame, dσ/dy∗(W ), thus exhibits a dip at y∗(W ) = −y0. In the double differential
distribution of the rapidities in the laboratory frame, d2σ/dη(γ)dy(W ), one then
9
Figure 3: The rapidity difference distribution, dσ/d∆η(γ, ℓ), for pp¯ → W+γ + X →
ℓ+p/Tγ+X, ℓ = e, µ, at the Tevatron in the Born approximation for anomalous WWγ
couplings. The curves are for the SM (solid), ∆κγ0 = 2.6 (dashed), and λ
γ
0 = 1.7
(dotted). Only one coupling is varied at a time. A dipole form factor with scale
Λ = 1 TeV is assumed for non-standard WWγ couplings. The cuts imposed are
described in the text. The error bars indicate the expected statistical uncertainties
for an integrated luminosity of 22 pb−1.
expects a “valley” or “channel” for rapidities satisfying the relation§ η(γ)− y(W ) ≡
y∗(γ)− y∗(W ) = 2y0.
In the SM, the dominant W± helicity in Wγ production is λW = ±1 [19],
implying that the charged lepton will tend to be emitted in the direction of the
parentW , thus reflecting most of its kinematic properties. The difference in rapidity,
∆y(W, ℓ) = y(W )−η(ℓ), between theW boson and the charged lepton originating from
the W decay is rather small with an average ∆y(W, ℓ) of 0.30. The double differential
distribution d2σ/dη(γ)dη(ℓ) for pp¯ → W+γ → ℓ+p/Tγ thus displays a channel for
rapidities fulfilling the relation ∆η(γ, ℓ) = η(γ)− η(ℓ) ≈ −0.4.
The double differential distribution d2σ/dη(γ)dη(ℓ) can only be mapped out if
a sufficiently large number of events is available. For a relatively small event sample
the distribution of the rapidity difference, dσ/d∆η(γ, ℓ), which is shown in Fig. 3,
is more useful. Here a pT (γ) > 5 GeV, a pT (ℓ) > 20 GeV and a p/T > 20 GeV cut
are imposed, together with cuts on the pseudorapidities of the photon and charged
lepton of |η(γ)| < 3 and |η(ℓ)| < 3.5. To select a phase space region where radiative
W decays are suppressed and qq¯′ → Wγ dominates, we have required in addition a
large photon lepton separation cut of ∆R(γ, ℓ) > 0.7, and a cluster transverse mass
cut of mT (ℓγ; p/T ) > 90 GeV. The solid line shows the SM result, whereas the dashed
§Differences of rapidities are invariant under boosts.
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and dotted curves give the prediction for the current UA2 68% CL limits [20] of
∆κγ0 = 2.6 and λ
γ
0 = 1.7, respectively. In Fig. 3, a dipole form factor (n = 2) with a
scale Λ = 1 TeV was used.
As anticipated, the ∆η(γ, ℓ) distribution exhibits a strong dip at ∆η(γ, ℓ) ≈
−0.4 in the SM (solid line). Higher order QCD corrections fill in the dip partially,
but do not obscure the radiation zero in a significant way. Compared to dσ/dy∗(γ),
the rapidity difference distribution has the advantage of being independent of the
twofold ambiguity in the reconstruction of the parton center of mass frame, which
considerably obscures the radiation zero in the y∗(γ) distribution. In contrast to
the Zγ to W±γ cross section ratio which also reflects the radiation zero [21], the
rapidity difference distribution does not depend on the Zγ cross section, and the
validity of the SM for pp¯→ Zγ.
In presence of any anomalous contribution to the WWγ vertex the radiation
zero is eliminated and the dip in dσ/d∆η(γ, ℓ) is filled in at least partially. Most
of the excess cross section for non-standard couplings originates in the high pT (γ)
region [9], where events tend to be central in rapidity. Deviations from the SM
∆η(γ, ℓ) distribution, therefore, mostly occur for small rapidity differences. In Fig. 3
we have also included the statistical uncertainties expected in the SM case for
an integrated luminosity of
∫Ldt = 22 pb−1. This demonstrates that the rapidity
difference distribution is sensitive to anomalous WWγ couplings already with the
current CDF and DØ data samples, in particular to λγ. However, one does not
expect dσ/d∆η(γ, ℓ) to be more sensitive to anomalous couplings than the photon
transverse momentum distribution.
4.3 The tt¯γ Background in Wγ Production at the SSC
Whereas the three vector boson couplings can be measured only at the 10 –
60% level at best at the Tevatron (see Section 4.1), the SSC or LHC provide the
energy and luminosity necessary for a high precision test of these couplings. How-
ever, for Wγ production the process pp → tt¯γ → Wγ + X represents a potentially
dangerous background, due to the very large top quark production cross section at
supercollider energies. In this subsection a calculation of the tt¯γ background at the
SSC is described. The calculation fully incorporates the subsequent decay of the
top quarks into a W boson and a b-quark, and also the W decay into a fermion
antifermion pair. Graphs where the photon is radiated from one of the t or t¯ de-
cay products are not taken into account. The contribution from these diagrams is
strongly suppressed if a photon pT cut of pT (γ) > mt/2 is imposed. The top quark
and W boson decays are treated in the narrow width approximation.
Besides the lowest order contributions to the associated production of a tt¯
pair and a photon, the photon bremsstrahlung contribution in tt¯j events is included
in our calculation. The bremsstrahlung contribution is calculated using the QCD
qq¯ → tt¯g, qg → tt¯q and gg → tt¯g matrix elements together with the leading-logarithm
parametrization of Ref. [22] for the photon fragmentation functions. These frag-
mentation functions are proportional to α/αs, and the photon bremsstrahlung con-
tribution formally is of the same order in α as the lowest order tt¯γ cross section.
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In the following only the channel pp → W+γ + X is considered. The cross
sections of the tt¯γ background are equal for the W+γ + X and W−γ + X channel.
The pp→W−γ+X signal rate is approximately 20% smaller than the pp→W+γ+X
cross section for the cuts specified below. The conclusions drawn for the W+γ case
therefore also apply to the W−γ channel.
The W+ boson is assumed to decay into a ℓ+ν final state with ℓ = e, µ. In
order to simulate the finite acceptance of detectors and to reduce fake backgrounds
from jets misidentified as photons and particles lost in the beam pipe [23], the
following transverse momentum, pseudorapidity and separation cuts are imposed:
pT (ℓ
+) > 25 GeV, |η(ℓ+)| < 3.0, (5)
pT (γ) > 100 GeV, |η(γ)| < 2.5, (6)
p/T > 50 GeV, ∆R(ℓ
+, γ) > 0.7. (7)
No cuts are imposed on the b-quark jets and the decay products of the second W
(i.e. the W−) in tt¯γ events. W− → τντ decays are, for simplicity, treated like
W− → eν, µν.
Figure 4a shows the pT (γ) distribution for pp→ tt¯γ +X → ℓ+p/Tγ +X at the
SSC for mt = 110 GeV (solid line) and mt = 200 GeV (dashed line). The photon
bremsstrahlung cross section is approximately 40 – 65% of the lowest order pp→ tt¯γ
rate over the entire pT (γ) range shown in Fig. 4a. The shape of the photon transverse
momentum distribution depends on the top quark mass, with the pT (γ) distribution
becoming harder for increasing values of mt. The dotted curve in Fig. 4a shows
the lowest order prediction of the photon pT distribution for the W+γ signal. The
tt¯γ background is seen to be much larger than the cross section of the signal over
the entire top quark mass range studied. It is obvious from Fig. 4a that the tt¯γ
background will considerably reduce the sensitivity of the reaction pp → W+γ +X
to non-standard WWγ couplings.
Since the top quark decays predominantly into aWb final state, tt¯γ events are
characterized by a large hadronic activity which frequently results in one or several
high pT jets. This observation suggests that the tt¯γ background may be suppressed
by vetoing high pT jets. Such a “zero jet” requirement has been demonstrated [10]
to be very useful in reducing the size of NLO QCD corrections in pp→ Wγ +X at
SSC energies. Present studies [23] suggest that for pT (j) < 35 GeV SSC detectors
face increasing difficulties in reconstructing jets. Requiring that no jets with pT (j) >
35 GeV and no second charged lepton are observed for |η(j)|, |η(ℓ)| < 3, and that
the photon is isolated from the hadronic activity, one obtains the results shown in
Fig. 4b. The tt¯γ background is seen to be about one order of magnitude below the
signal (dotted line) for mt = 110 GeV (solid line), and approximately two orders of
magnitude for mt = 200 GeV (dashed line).
4.4 Measuring Three Vector Boson Couplings in qq → qqW at the SSC.
In order to probe the vector boson self interactions as completely as possible
one would like to have available a large number of basic processes and correspond-
ingly a large number of observables. As an example of a new process which is
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Figure 4: a) The photon transverse momentum distribution for pp → W+γ +X →
ℓ+p/Tγ+X at the SSC. The solid (dashed) line shows the result for tt¯γ+X production
for mt = 110 GeV (200 GeV). The dotted line gives the tree level SM prediction of
the W+γ signal. The cuts imposed are summarized in Eqs. (5) – (7). b) The photon
transverse momentum distribution for pp→W+γ +0 jet→ ℓ+p/Tγ +0 jet at the SSC
with a jet transverse momentum threshold of 35 GeV. The solid (dashed) line shows
the result for the tt¯γ background for mt = 110 GeV (200 GeV). The dotted line gives
the NLO prediction of the pT (γ) distribution for the W+γ + 0 jet signal in the SM.
complementary to weak boson pair production in the measurement of the WWγ
and WWZ vertices, the working group investigated single W production via the
electroweak process qq → qqW . While Wγ, WZ, or W+W− production at hadron
or e+e− colliders probe the three vector boson couplings for time-like momenta of
all interacting electroweak bosons, the signal process measures these couplings for
space-like momentum transfer of two of the three gauge bosons.
The signal and all background cross sections were calculated using parton
level Monte Carlo programs. For the signal the program evaluates the tree level
cross sections for the process q1q2 → q3q4ℓν, ℓ = e, µ and all relevant crossing related
processes. Representative Feynman graphs are shown in Fig. 5. A characteristic
feature of the W signal is the presence of two energetic forward jets. However,
q
q
q
q
q
q
q
q
W
W
W, γ, Z W
γ, Z
+ + . . .
Figure 5: Feynman graphs for the qq → qqW signal. It is via the first graph that
this process is sensitive to the three vector boson couplings.
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anticipating large backgrounds, all the features of the final stateWjj system need to
be exploited for background suppression. Therefore, the signal is only considered in
the case when both final state (anti)quarks have transverse momenta larger than 40
GeV, allowing their identification as hadronic jets. The potentially most dangerous
background processes are QCD Wjj and tt¯ production. The dominant source of
forward jets in tt¯ events arises from QCD radiation, i.e. the additional parton in tt¯j
events, and not from the top decay products. Hence the top background is modeled
with a tree level MC program for the process pp→ tt¯j →W+bW−b¯j.
The three vector boson graph in qq → qqW is enhanced in the phase space
region where the two final state quark jets emerge at very small angles. Hence
events are tagged with one very forward and one very backward jet while the lepton
originating from theW → ℓν decay is to be expected in the central region. Events are
triggered by a charged lepton with pT (ℓ) > 20 GeV, and we require p/T > 50 GeV as a
signature for W leptonic decays. On either side of the charged lepton (with respect
to pseudorapidity) one then searches for the first hadronic jet with pT (j) > 40 GeV
and |η(j)| < 5, which will be called tagging jets and represent the two spectator
quarks in our signal calculation. Leptons and jets are required to be well separated,
∆R(j, j) > 0.7, ∆R(ℓ, j) > 0.7. The forward-backward nature of the two tagging jets
is then taken into account by requiring −5 < η(j1) < −2.5 and 2.5 < η(j2) < 5. Notice
that this implies the existence of a central “rapidity gap”, at least 5 units wide in
pseudorapidity, which contains the charged lepton but no jets with pT > 40 GeV.
The above requirements leave a QCDWjj background which is about a factor
six larger than the remaining signal. However, the background is dominated by W -
bremsstrahlung off initial or final state quarks. W -bremsstrahlung and the three
vector boson graph lead to drastically different lepton pseudorapidity distributions
for the signal and the background. The QCD Wjj background can thus be further
suppressed by requiring |η(ℓ)| < 1.5 and∆η(ℓ, j) = min(|η(ℓ)−η(j1)|, |η(ℓ)−η(j2)|) > 2.5.
An additional strong background rejection is achieved by exploiting the very large
dijet invariant masses, m(jj), which are typical for the vector boson fusion process.
A cut of m(jj) > 3 TeV, imposed on the two tagging jets, reduces the background
well below signal level (σSIG = 450 fb vs. σQCD = 136 fb for the QCDWjj background
and σtt¯j = 38 fb for mt = 140 GeV).
The cuts discussed above single out the phase space region in which the elec-
troweak fusion process dominates and hence one expects a pronounced sensitivity
to deviations in the WWγ and WWZ couplings from the SM prediction. Anoma-
lous coupling effects are enhanced at large momentum transfer and, hence, for large
transverse momenta of the produced W -boson. The effect is demonstrated in Fig. 6.
While the pTW distributions show similar shapes for the SM signal and the QCD and
top quark backgrounds, a strong enhancement at large transverse momenta arises
from anomalous couplings. For these three curves all other anomalous couplings
are set to zero. Here the standard parameterization of the anomalous couplings in
terms of C and P conserving anomalous couplings gV1 , κ
V and λV , V = γ, Z is used.
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Figure 6: Transverse momentum distribution of the produced W -boson in Wjj
events at the SSC. a) Individual distributions for the SM signal (solid line), the QCD
Wjj background (dotted line) and the tt¯j background for mt = 140 GeV (double
dotted line). The upper three curves correspond to three choices of anomalous
couplings: κγ = κZ = 1.2 (dashed line) λγ = λZ = 0.1 (dash-dotted curve) and
gZ1 = 1.2 (dash-double dotted line). b) The two background distributions have been
added to the four signal curves. In addition the effect of a form-factor is shown for
a scale Λ = 1 TeV. The cuts imposed are described in the text.
These couplings can be defined by the effective Lagrangian
iLWWVeff = gWWV
(
gV1 (W
†
µνW
µ −W †µWµν)V ν + κV W †µWνV µν +
λV
m2W
W †ρµW
µ
νV
νρ
)
,
(8)
where the overall coupling constants are defined as gWWγ = e and gWWZ = e cot θW .
Within the SM, at tree level, gZ1 = g
γ
1 = κ
Z = κγ = 1, and λZ = λγ = 0. gγ1 is just the
electric charge of the W and hence fixed to 1 by electromagnetic gauge invariance.
From Fig. 6b it can be seen that form factor effects are important in qq →
qqW . The results of a more quantitative analysis of the sensitivity ofWjj production
to anomalousWWV couplings are described in Ref. [14]. The 2σ limits on κV −1, λV
and ∆gZ1 = g
Z
1 − 1 are found to be in the 0.03 . . . 0.1 range. Comparing these results
with the limits obtained from di-boson production, one finds that the process qq →
qqW is significantly more sensitive to ∆κV and ∆gZ1 than Wγ and WZ production
for cutoff scales Λ in the low TeV range. In general, the pair production process is
affected more by details of the form-factors. This emphasizes the need to measure
Wjj production in addition to di-boson production if full information on the WWV
couplings is to be gained.
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5. Summary
The large statistics accumulated in the 1992-94 Tevatron runs will result in
significantly improved measurements of the SM parameters. The energy distribution
of the W decay electron offers an attractive alternative way to measure mW . The
large number of W + 1 jet events will make it possible to measure W plus charm
production, which could help constraining the s-quark distribution function. Vector
boson self-interactions are expected to be probed with 10 – 60% accuracy with the
new Tevatron data. The lepton photon rapidity difference distribution will give easy
access to the radiation zero predicted by the SM for Wγ production. tt¯γ production
was found to be an important background to Wγ production at the SSC. However,
it can be easily eliminated by a jet veto. Single W production via electroweak
interactions at the SSC provides a measurement of the WWV vertices which is
complementary to that in di-boson production.
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